Abstract-Pin1 is a peptidyl prolyl cis-trans isomerase that only binds to and isomerizes phosphorylated serine/threonineproline motifs, inducing conformational changes that alter target protein function and phosphorylation. We have shown previously that deficiency of another peptidyl prolyl isomerase, FK506 binding protein 12/12.6, alters endothelial NO synthase phosphorylation and causes endothelial dysfunction and hypertension. Endothelial NO synthase contains the Pin1 binding sequence at (p)serine 116-proline 117 and phosphorylation of endothelial NO synthase serine 116 inhibits NO production; however, whether Pin1 deficiency alters vascular function and blood pressure is unknown. We hypothesized that Pin1 isomerizes p-endothelial NO synthase serine 116, which enables dephosphorylation and stimulates NO production. Immunoprecipitation of endothelial NO synthase and probing for Pin1 in rat aortic endothelial cells confirmed the interaction between the two. Pin1 knockdown via small interfering RNA or inhibition by juglone increased endothelial NO synthase serine 116 phosphorylation and prevented vascular endothelial growth factor-induced serine 116 dephosphorylation in endothelial cells. Acute treatment of isolated mouse aortas with juglone increased endothelial NO synthase serine 116 phosphorylation and decreased NO production and relaxation responses. Mice treated with juglone for 2 weeks, as well as Pin1 knockout mice, exhibited increased aortic endothelial NO synthase serine 116 phosphorylation, endothelial dysfunction, and hypertension. These data demonstrate that Pin1 binds endothelial NO synthase and enables dephosphorylation of serine 116, which increases NO production and endothelium-dependent dilation, leading to blood pressure maintenance. 
P
rotein interacting with NIMA (never in mitosis A)-1 (Pin1) is a peptidyl prolyl isomerase expressed ubiquitously in cells and regulates a variety of cellular functions, including cell cycle progression, growth-signal responses, gene expression, and phosphorylation-dependent cell signaling. 1, 2 Pin1 is the only isomerase known to date that binds to phosphorylated serine/ threonine-proline motifs and mediates a cis-trans conformational change of its substrate. This structural alteration after phosphorylation of the Ser/Thr residue can alter target protein function, interaction, stability, and phosphorylation, thus adding another level of posttranslational regulation. Pin1 has been reported to play a role in the pathogenesis of cancer, Alzheimer disease, and asthma, thus making it a likely target for future therapeutic development. [3] [4] [5] However, the role of Pin1 in vascular physiology and pathology has only recently been examined, and whether inhibition of Pin1 exerts detrimental vascular effects is unknown.
It was shown recently that inhibition of Pin1 had an immunosuppressive effect in rodents and prevented both acute and chronic rejection of allogeneic lung transplants in rats. 6 This was mediated by decreased inflammatory cytokine production by T cells. Current therapeutics used clinically for maintenance immunosuppression in organ transplant recipients include the prolyl isomerase-binding drugs cyclosporin A, tacrolimus (FK506), and sirolimus (rapamycin), which exert their immunosuppressive effects by inhibiting T-cell proliferation. However a major limitation with these drugs is the development of endothelial dysfunction and hypertension, which are significant risk factors for decreased allograft and patient survival. [7] [8] [9] [10] [11] Cyclosporin A binds cyclophilin A and both tacrolimus and sirolimus bind FK506 binding proteins 12 and 12.6 (FKBP12/12.6), which all differ from Pin1 in that they bind and isomerize nonphosphorylated Xxx-Pro motifs. We and others have demonstrated that pharmacological inhibition or genetic deletion of FKBP12/12.6 leads to endothelial dysfunction and hypertension, and we have reported a molecular mechanism by which FKBP12/12.6 inhi-bition in the endothelium causes these adverse effects. [12] [13] [14] Whether deficiency of Pin1, expressed in cells of the vasculature, also affects endothelial function and blood pressure regulation is unknown.
Endothelium-derived NO plays a major role in vascular tone and blood pressure regulation and is produced primarily by the enzyme endothelial NO synthase (eNOS). In addition to several cofactors, protein-protein interactions, and localization, eNOS activity is regulated by its phosphorylation status. 15 NO generation is stimulated by phosphorylation of Ser1179, Ser635, Ser619, and Tyr83 but inhibited by Thr497 and Ser116 phosphorylation (bovine sequence). We have shown previously that vascular FKBP12/12.6 deficiency indirectly leads to increased eNOS Thr495 phosphorylation, as well as decreased NO production, endothelial dysfunction, and hypertension; therefore, it is possible that Pin1 deficiency might also alter eNOS phosphorylation and NO generation directly or indirectly. 12, 13 The genetic sequence of eNOS contains a potential Pin1 binding site at (p)Ser116-Pro117, suggesting that Pin1 may bind to and regulate the phosphorylation status of this site and modulate NO generation. Ruan et al 16 confirmed recently that Pin1 binds to eNOS, and, through a series of elegant studies in bovine aortic endothelial cells, they demonstrated that this interaction occurs only when Ser116 is phosphorylated. Studies of Pin1 overexpression in endothelial cells and mouse aorta were reported to decrease NO production and decrease vasodilation 16 ; however, the effects of Pin1 overexpression on eNOS Ser116 phosphorylation were not reported. In addition, Pin1 deficiency in blood vessels and in the whole animal was not studied.
Although the inhibition of Pin1 is a promising therapeutic target for immunosuppression and cancer, it is unknown whether inhibition of Pin1 might cause off-target effects, such as endothelial dysfunction and hypertension. We hypothesized that Pin1 binds to eNOS at pSer116-Pro117 and enables Ser116 dephosphorylation, NO generation, vasodilation, and blood pressure maintenance. To test this we examined the interaction of Pin1 and eNOS, as well as the effects of Pin1 knockdown or inhibition on eNOS Ser116 phosphorylation in endothelial cells. We also determined the direct vascular effects of Pin1 inhibition on eNOS Ser116 phosphorylation, NO production, and vascular reactivity in isolated mouse aortas. In addition, we tested the in vivo effects of Pin1 deficiency on aortic eNOS Ser116 phosphorylation, NO production, endothelial function, and blood pressure in mice treated with a specific Pin1 inhibitor, as well as Pin1 knockout (KO) mice.
Methods
An expanded Methods section is available in the online Data Supplement at http://hyper.ahajournals.org.
Endothelial Cell Studies
Immunoblotting using anti-Pin1 or anti-eNOS antibodies was performed on rat aortic endothelial cell lysates immunoprecipitated with anti-eNOS or IgG (negative control), as described previously. 12 Immunoblotting was performed after Pin1 knockdown via small interfering RNA (siRNA). Immunoblotting was also performed in cells after treatment with the Pin1-specific inhibitor juglone (5-hydroxy-1,4-naphthoquinone) or vehicle (ethanol, Ͻ1% final concentration), as well as after treatment with the eNOS agonist vascular endothelial growth factor. The blots were identified simultaneously using near-infrared visualization, and densitometry was performed.
Acute Ex Vivo and In Vitro Vascular Studies
Male C57Bl/6 mice aged 10 to 12 weeks were anesthetized with isoflurane and euthanized by cervical dislocation. Endotheliumintact aortas were treated with juglone or vehicle, and immunoblotting was performed on vascular homogenates as described above. NO production was measured using the fluorescent dye 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein with and without NO synthase inhibition with N -nitro-L-arginine (LNNA). NO production was determined by measuring peak fluorescent counts in the absence of LNNA minus peak fluorescent counts in the presence of LNNA and expressed as a percentage of control.
Vascular reactivity was measured in endothelium-intact aortas, as described previously. 12, 13 Vessels were set at a passive tension of 0.75 g based on previous length tension studies, and indomethacin was present in all of the experiments. Endothelium-intact aortic rings were incubated with juglone or vehicle (ethanol, Ͻ1% final concentration), and concentration-force curves were obtained in a half-log, cumulative fashion to the endothelium-dependent dilator acetylcholine (ACh) and the endothelium-independent dilator sodium nitroprusside after contraction to phenylephrine (PE).
In Vivo Studies
Male C57BL/6 mice, Pin1 WT mice, and Pin1 KO mice aged 10 to 18 weeks were used in all of the experiments. Heterozygous Pin1 mice were obtained from Dr Anthony Means (Duke University) and are on a pure C57BL/6, as described previously. 17 Tail-cuff systolic blood pressures in C57BL/6 control mice were measured at baseline and on days 7 and 14 of daily treatment with juglone or diluent (saline and ethanol, 20% final concentration), as described previously. 6 Juglone-treated mice were euthanized on day 14 of treatment, whereas Pin1 WT and KO mice were euthanized after final blood pressure measurements. Aortic vascular reactivity, NO production, and immunoblotting were performed as above. All of the procedures were approved by the Institutional Animal Care and Use Committee in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Statistical Analyses
Results are presented as meanϮSEM. The 2-tailed Student's t test was used to compare variables between 2 groups. An ANOVA was used for multiple comparisons, followed by the Student-NewmanKeuls post hoc test when necessary. The significance level was 0.05.
Results

Pin1 Interaction With eNOS and Effects on eNOS Ser116 Phosphorylation
eNOS contains a Pin1-binding consensus sequence at pSer116-Pro117, and Ruan et al 16 showed recently that this interaction occurs in bovine aortic endothelial cells; therefore, we first confirmed the Pin1-eNOS interaction in rat aortic endothelial cells. Endothelial cells treated with vehicle or the Pin1-specific inhibitor juglone for 30 minutes were immunoprecipitated with an anti-eNOS or anti-IgG antibody, followed by immunoblotting for Pin1. Figure 1 confirms that Pin1 interacts with eNOS, and juglone had no effect on this interaction, as was expected, because juglone inhibits the isomerase activity of Pin1 but not target binding. The negative control, consisting of only mouse IgG for immunoprecipitation, did not detect any Pin1.
Because Ser116 phosphorylation decreases NO production and dephosphorylation of this inhibitory site occurs during NO production, 16, 18 we determined whether Pin1 knockdown with siRNA alters eNOS phosphorylation in endothelial cells. Figure 2A demonstrates that transfection of endothelial cells with Pin1 siRNA decreased Pin1 protein expression Ϸ75%, which resulted in a significant increase in eNOS Ser116 phosphorylation ( Figure 2B ). In addition, Pin1 knockdown significantly decreased eNOS Ser1177 phosphorylation (Figure 2C ) and increased eNOS Thr495 phosphorylation ( Figure  2D ), consistent with a decrease in eNOS activity. Similarly, juglone elicited an increase in eNOS Ser116 phosphorylation ( Figure 3A ) and prevented eNOS Ser116 dephosphorylation in response to the eNOS agonist vascular endothelial growth factor ( Figure 3B ). These findings support our hypothesis that Pin1 binds to eNOS and negatively affects eNOS phosphorylation in endothelial cells.
Acute Inhibition of Pin1 Causes Endothelial Dysfunction
To examine the direct vascular effects of Pin1 inhibition and eNOS Ser116 phosphorylation, we treated endothelium-intact aortas from control mice acutely with juglone and measured Ser116 phosphorylation, NO production, and relaxation responses. Juglone increased aortic eNOS Ser116 phosphorylation ( Figure 4A ), similar to that seen in endothelial cells and decreased NO production Ϸ60% (PϽ0.05 versus controls; Figure 4B ). Next, we measured aortic endothelium-dependent and endothelium-independent relaxation responses after acute treatment with vehicle or juglone. There were no differences in PE-induced contractions between juglone-treated aortas and vehicle-treated aortas (contraction to PE 1 mol/L in grams: juglone: 1.0Ϯ0.3 g versus controls: 1.1Ϯ0.3 g; PϾ0.05). Juglone significantly decreased maximal AChinduced relaxation responses compared with vehicle-treated controls in a dose-dependent manner ( Figure 4C ). The NO synthase inhibitor LNNA (10 mol/L) abolished relaxation responses to ACh in all of the groups (data not shown). Juglone had no effect on relaxation responses or sensitivity to the NO donor sodium nitroprusside, suggesting a detrimental effect on endothelium-derived NO generation ( Figure S1A , available in the online Data Supplement at http://hyper.ahajournals.org).
Pin1 Deficiency In Vivo Causes Endothelial Dysfunction and Hypertension
To test the in vivo effects of Pin1 inhibition, we first treated mice daily for 2 weeks with vehicle or juglone at a dose used previously to suppress the immune system. 6 Aortas from juglone-treated mice exhibited increased eNOS Ser116 phosphorylation ( Figure 5A ), decreased NO production (Ϸ51% decrease versus controls; Figure 5B ), and decreased LNNAsensitive, ACh-induced relaxation responses compared with aortas from vehicle-injected controls ( Figure 5C ). There were no differences in sodium nitroprusside-induced relaxation responses in aortas from juglone-treated mice compared with vehicle-treated mice ( Figure S1B ). Also, there were no differences in PE-induced contractions between aortas from juglone-treated mice and vehicle-treated mice (contraction to PE 1 mol/L in grams: juglone-IP: 0.9Ϯ0.2 g versus controls: 1.0Ϯ0.2 g; PϾ0.05). Systolic blood pressures were significantly increased in juglone-treated mice at day 7 of treatment compared with controls (juglone: 124Ϯ2 mm Hg versus control: 103Ϯ4 mm Hg) and were further increased at day 14 of treatment (juglone: 140Ϯ1 mm Hg versus control: 107Ϯ3 mm Hg; Figure 5D ).
To confirm these in vivo effects, we measured aortic eNOS Ser116 phosphorylation, NO production, and relaxation responses, as well as systolic blood pressure, in Pin1 WT and KO mice. Aortas from Pin1 KO mice had increased eNOS Ser116 phosphorylation ( Figure 6A ), decreased NO production (Ϸ42% decrease versus controls; Figure 6B ), and decreased LNNA-sensitive, ACh-induced relaxation responses compared with aortas from Pin1 WT littermate controls ( Figure 6C ). There were no differences in sodium nitroprusside-induced relaxation responses in aortas from Pin1 KO mice compared with Pin1 WT mice ( Figure S1C ). There were no differences in PE-induced contractions between aortas from Pin1 KO mice and Pin1 WT mice (contraction to PE 1 mol/L in grams: Pin1 KO: 1.1Ϯ0.2 g versus Pin1 WT: 1.0Ϯ0.2 g; PϾ0.05). Systolic blood pressures were significantly increased in Pin1 KO mice compared with Pin1 WT mice (Pin1 KO: 143Ϯ3 mm Hg versus Pin1 WT: 99Ϯ4 mm Hg; Figure 6D ).
Discussion
The ubiquitously expressed peptidyl-prolyl isomerases play numerous roles in protein configuration and function. 1, 2 In addition to acting as molecular chaperones, isomerases also regulate ion channels, growth factor receptors, and proteinprotein interactions. The relatively recent discovery of Pin1 has also shown that proline-directed protein phosphorylation can be regulated by this isomerase. Pin1-mediated cis-trans isomerization of p(Ser/Thr)-Pro residues has been shown to both increase or decrease protein stability, increase or inhibit enzyme activity, and promote dephosphorylation or phosphorylation of its targets. 1,2 Although its role in transplant immunology, cancer, and Alzheimer disease has been better elucidated, there is little information on the role of Pin1 in vascular function and no information on blood pressure regulation.
Examination of the eNOS genetic sequence revealed a potential Pin1 binding motif at the inhibitory site (p)Ser116-Pro117, and Ruan et al 16 were the first to show in endothelial cells that Pin1 interacts with eNOS when Ser116 is phosphorylated. We confirmed the Pin1-eNOS interaction in endothelial cells and demonstrate that pharmacological inhibition or siRNA-mediated knockdown of Pin1 increased phosphorylation of eNOS at Ser116 in endothelial cells and prevented agonist-induced dephosphorylation of eNOS Ser116 without altering eNOS protein expression. Uncoupling of eNOS after Pin1 inhibition/deletion is possible; however, given the known effects of eNOS Ser116 phosphorylation inhibiting eNOS activity, we doubt that this is sufficient to explain the decreased aortic NO production. In addition, our data demonstrate that Pin1 siRNA significantly decreases eNOS Ser1177 phosphorylation, a measure of eNOS activity, and significantly increases eNOS Thr495 phosphorylation, which inhibits eNOS activity. Together, the increased phosphorylation of Ser116 and Th495, known inhibitory sites, and decreased phosphorylation of Ser1177, a known stimulatory site, induced by Pin1 deficiency suggest that the primary mechanism by which NO production decreases is by reduced eNOS activity. Acute treatment of isolated mouse aortas with the Pin1-specific inhibitor juglone increased eNOS Ser116 phosphorylation, decreased NO production, and decreased endothelium-dependent relaxation responses, demonstrating a direct vascular effect. Juglone has been shown to be specific for Pin1 and does not affect other isomerases. 19, 20 Aortas from Pin1 KO mice also exhibited increased eNOS Ser116 phosphorylation, decreased NO production, and decreased endothelium-dependent relaxation responses. It remains to be determined whether these effects also occur in resistance vessels and whether microvascular endothelial dysfunction contributes to the hypertension caused by inhibition of Pin1.
Our results showing that Pin1 deficiency negatively affects NO production are in contrast to those of Ruan et al, 16 who reported that inhibition of Pin1 with juglone in bovine aortic endothelial cells increased NO production. In addition, they found that Pin1 overexpression decreased NO production and expression of a dominant-negative form of Pin1 increased NO production in bovine aortic endothelial cells. However, eNOS Ser116 phosphorylation was not reported after the various modulations of Pin1, thus it is possible that the cellular manipulations may have altered NO production by other mechanisms. The only other examination of the interaction between Pin1 and NOS to our knowledge is a report by Liu et al, 21 showing that Pin1 interacts directly with inducible NO synthase in murine aortic endothelial cells and that the WW domain of Pin1 is necessary for this interaction. Similar to the study by Ruan et al, 16 they did not report the effects on Ser116 phosphorylation and reported that either short hairpin RNA or siRNA knockdown of Pin1 increased inducible NO synthase protein expression and NO production after treatment with lipopolysaccharide and interferon-␥. However, in the absence of lipopolysaccharide and interferon-␥, Pin1 knockdown did not increase NO production in endothelial cells. If Pin1 negatively affects eNOS and NO production, then it is curious why Pin1 is upregulated in prostate cancer cells. 22 eNOS-derived NO has been shown to protect prostate cancer cells from tumor necrosis factor-related apoptosisinducing ligand-induced apoptosis, suggesting that Pin1 upregulation aids in the generation of NO from eNOS and tumor cell survival. 23 Our data support this view that Pin1 positively affects eNOS by enabling Ser116 dephosphorylation and increasing NO generation. The differences between our findings and those of previous groups may be because of the cellular and tissue environments in which Pin1 is acting. External and internal signals may differentially regulate Pin1, which has been shown to promote phosphorylation of some proteins yet lead to dephosphorylation of other proteins. 1 More studies are needed to determine how Pin1 might affect other eNOS interacting proteins.
The peptidyl-prolyl isomerases also play an important role in immunosuppression mediated by the drugs cyclosporin A, tacrolimus (FK506), and sirolimus (rapamycin). The binding of cyclophilin A by cyclosporin A, FKBP12/12.6 by tacroli- mus, and FKBP12/12.6 by sirolimus forms a complex that then binds and inhibits calcineurin or mammalian target of rapamycin to prevent T-cell proliferation, which is independent of isomerase activity. However, these drugs promote hypertension and endothelial dysfunction, of which the binding of peptidyl-prolyl isomerases in off-target cells, such as endothelial cells, contributes greatly. Because of the detrimental cardiovascular effects elicited by these drugs, there is a need for the development of new immunosuppressants. Esnault et al 6 reported recently that inhibition of Pin1 prevented allograft rejection in rats and decreased proinflammatory cytokine production and stability. In addition, they showed that lower concentrations of cyclosporin A combined with low concentrations of juglone were synergistic in preventing allograft rejection. Although these findings are very promising, blood pressure and endothelial function were not measured in transplanted animals treated with juglone. To determine whether in vivo Pin1 deficiency affects blood pressure and endothelial function, we treated control mice with the same concentration of juglone for 2 weeks and performed measures in Pin1 KO mice. Based on our in vitro work in both endothelial cells and isolated aortas showing increased eNOS Ser116 phosphorylation, decreased NO production, and decreased endothelium-dependent relaxation responses, we hypothesized that juglone treatment or Pin1 gene deletion would cause hypertension and endothelial dysfunction in mice. We saw a significant time-dependent increase in blood pressure in juglone-treated mice, as well as increased aortic eNOS Ser116 phosphorylation and decreased NO production and relaxation responses. Pin1 KO mice also exhibited increased aortic eNOS Ser116 phosphorylation, decreased relaxation responses and NO production, and hypertension. Taken together, these results demonstrate that Pin1 deficiency causes endothelial dysfunction and hypertension. Altered eNOS phosphorylation, especially increased eNOS Ser116 phosphorylation, after Pin1 deficiency contributes to these effects and is one pathway by which Pin1 inhibition negatively affects endothelial function and blood pressure regulation. Studies to examine other Pin1 targets that contribute to cardiovascular homeostasis are underway.
Perspectives
This is the first study demonstrating that Pin1 deficiency negatively affects eNOS Ser116 phosphorylation, NO production, endothelial function, and blood pressure regulation. The potential development of Pin1 inhibitors as antitumor and immunosuppressive agents should be target cell specific so as to avoid the adverse effects of endothelial dysfunction and hypertension, similar to that seen with current peptidylprolyl isomerase-binding immunosuppressive drugs.
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